Abstract. The purpose of the present study was to determine the effect of a 4-week training program on a newly developed hybrid functional electrical stimulation (FES)-cycle on physical fitness in spinal cord-injured (SCI) individuals. Ten SCI individuals (age 23-53 years, lesion level range T3-T11) participated and trained 8-12 times in 4 weeks on the hybrid FES-cycle (voluntary arm-contractions and stimulation of leg muscles). Leg volume was measured. During a graded hybrid exercise test, peak oxygen consumption (VO2peak), peak power output (POpeak) and power of the legs (dP) were measured pre and post training. Upper leg volume increased significantly (8.5% (p = 0.047) and 8.3% (p = 0.018) for the right and left leg, respectively). POpeak and VO2peak increased 11.7% (p = 0.012) and 9.3% (p = 0.015), respectively. There was no significant difference in dP between pre and post training. After only 4 weeks of training, considerable training effects were observed, which are comparable to longer training studies in literature. The results of this study indicate that hybrid training on the new hybrid FES-cycle is an appropriate training method for individuals with a spinal cord injury to increase physical fitness.
Introduction
Following spinal cord injury (SCI), the body undergoes marked changes such as loss of motor control, sensibility and autonomic function below the level of the lesion. In addition to a decrease in cardiovascular condition (including deficient cardiovascular reflex responses and inactivity of the muscle pump), this chronic form of muscular inactivity leads to marked changes in muscles and peripheral circulation [11, 13, 14, 23] . Characteristic changes such as muscle disuse atrophy and a reduction of oxidative capacity appear [4] . In addition there is a shift in muscle fiber composition from type I (slow-oxidative) to type II fibers (fast-glycolytic) [29] . The peripheral circulation deteriorates due to atrophy of the vascular system below the lesion and there is an increasing incidence of osteoporosis and pressure sores [19] . These progressive problems may eventually influence the rehabilitation process and limit the functionality in daily life [13] .
Rehabilitation programs and sports activities performed with the muscles of the upper body alone are not sufficient to reduce the additional problems caused by SCI [8] . For individuals with SCI it is difficult to train the cardiovascular system using arm-activity alone, because the aerobic capacity is limited more by peripheral factors, such as a decreased active muscle mass and venous blood pooling, than by central cardiac factors [2, 17] . Therefore a method called functional electrical stimulation-induced leg cycle ergometry (FES-LCE) was developed in the 1980s as a supplementary method to help prevent or reduce the health problems mentioned above, by increasing the amount of active muscle mass during training [14, 23] . With FES three paralyzed leg muscle(group)s (the quadriceps, hamstrings and gluteal muscles) are electrically activated and when applied on a leg cycle ergometer, one has a method to achieve a better cardiovascular fitness for the patients. Several studies have indicated beneficial effects of FES-LCE for individuals with SCI. Prolonged electrical stimulation can achieve increased muscle mass [1, 9, 26] , increased oxidative capacity of the muscle [5] , increased peripheral blood flow [6, 8, 9] , increased range of motion (ROM) of the joints, decreased osteoporosis and decreased incidence of spasms [27, 29] . These changes result in a reduced risk of secondary medical complications such as pressure sores [13, 14, 19] . FES-LCE also increases mental fitness due to hormonal changes resulting from exercise [16] . Furthermore, several authors reported an improved aerobic capacity (increased peak oxygen uptake) with FES-training due to central (i.e. an increased stroke volume) and peripheral adaptations (i.e. a conversion towards more oxidative type I fibers) [5] . FES cycling provides individuals with SCI a method to train at a sufficient intensity to obtain marked cardiopulmonary adaptations [8, 19] .
Several authors concluded that hybrid training (FES-LCE or FES isometric work and voluntary arm work) is a better training method than either FES-LCE or arm cranking exercise alone [3, 18, 25, 30] . With hybrid exercise a substantially larger muscle mass is utilized and the venous return is enhanced [10] . The methods used for hybrid cycling mostly required laboratory settings, where an arm crank ergometer was placed over a FEScycle ergometer [18, 25] . In addition to the mechanical disadvantages of this experimental setting, the subjects had to come over to the laboratory for (hybrid) training. There were several attempts for constructing outdoor FES vehicles for independent usage, but until now they all failed on functionality [7, [20] [21] [22] 31] . Therefore, a new hybrid FES-cycle was developed, allowing FEScycling outdoors. It uses FES stimulation to drive the leg movements while voluntary arm contractions are needed to produce arm cranking, which is often required to assist propulsion. In addition to diminishing secondary medical complications by enhancing physical fitness, this hybrid FES-cycle promises improvement of mobilization of the SCI population.
The purpose of this study is to investigate the effect of 4-week training on a hybrid FES-cycle on the physical fitness of spinal cord-injured individuals.
Method(s)

Study design
This study describes the first functional tests with this new hybrid FES-cycle and is set up as a pilot study. The study consisted of a 4-week training period. To evaluate the training period a series of measurements was performed before and after training.
Subjects
Ten volunteers, 9 male and 1 female, with paraplegia participated in this study. Mean age of the subjects was 39.3 (8.7) years, mean height and mean body mass were 1.82 (0.052) m and 73.1 (12.6) kg, respectively. Lesion levels ranged from Th2 to Th12, 9 subjects were classified as ASIA A, 1 as ASIA C. Mean time since injury was 10.5 (6.4) years. All subjects were experienced hand bike users, had complete arm function and did not participate in FES training at least 1 year prior to the study. Prior to participation, subjects were screened by an independent physician and underwent an ECG recording to investigate contra-indications for exercise and FES. The local medical ethics committee (region Nijmegen) approved this study. A written informed consent was obtained from all subjects prior to participation.
Hybrid FES-cycle
The newly developed hybrid FES-cycle is a combination of a recumbent bike and a hand bike. It consists of a front part, which is a one-wheeled bike unit, and a common wheelchair. The wheel of the front part is arm and leg power driven. With an adapter under the wheelchair, the user can couple and uncouple the front part while seated in his wheelchair. The principle of this hybrid FES-cycle is patented. For a schematic overview of the front part of the FES-cycle, see Fig. 1 . The hybrid FES-cycle has a FES unit. This consists of a small box (18 × 11 × 6 cm) that is connected to an incremental angle encoder, brake sensor and an amplitude control unit. The encoder is placed over the crank axle and gives the position of the crank in 56 units; this information is pre-requisite for adequate onset of muscle stimulation. The brake sensor interrupts the stimulation when the handbrake is used. The amplitude of the stimulation is controlled by a switch, positioned on the arm crank, which allows the user to select one of 16 levels (9 mA per level). The maximum stimulation intensity is 145 mA with a frequency of 35 Hz. A biphasic square pulse shape with a total pulse time of 1 ms has been chosen. The timing of the stimulation of the muscles is adjusted by the FES unit and is based on the cadence.
In this study we used the hybrid FES-cycle in a laboratory setting. However, the hybrid FES-cycle can be used outdoors using a pair of shorts with 6 pairs of electrodes (Bioflex, Columbus, Ohio), which stimulate the quadriceps, hamstrings and gluteus muscles of each leg. After connecting the front part to the wheelchair, the legs were placed in customized carbon leg supporters to correct for unwanted side movements of the knee.
Training
Subjects trained 8-12 times within 4 weeks at the rehabilitation center. Each training session consisted of a 5-minute warming-up (voluntary arm exercise), 30 minutes of hybrid cycling (voluntary arm and FES leg exercise) and a 5-minute cooling-down (arm exercise). All subjects trained on the hybrid FES-cycle on a roller (Tacx, Wassenaar, The Netherlands). The experimenter manually adjusted the stimulation intensity based on decreased power output indicating fatigue of the stimulated muscle groups. During this training period, adhesive surface electrodes (Farmadomo, Nuland, The Netherlands) were placed bilaterally over the neuromuscular motor points of the quadriceps, hamstrings and gluteus muscles. Subjects trained at 60-70% of their estimated peak oxygen consumption. During all sessions a Polar sport tester recorded the heart rate every 60 seconds, to determine the objective training intensity.
Measurements
Leg volume
Leg volume measurements were performed of both legs in supine position by measuring circumferences 
C1=upper leg, C2 is measured at 1/3 of distance C1-C4, C3=supra patellar, C4=mid patellar, C5=sub patellar, C6=maximum calf, C7=minimal ankle. Upper leg volume = upper three cones from C1 to C4, lower leg volume=lower three cones from C4 to C7. H=height between adjacent circumferences.
(C) and heights (H) in cm (Fig. 2) . The leg is divided into six imaginary cones. For each cone the volume was calculated using the formula:
according to Jones et al. (1969) [15] . Upper and lower leg volume were calculated. To control for increase in leg volume caused by increase in body fat, skin-fold thickness at the quadriceps muscle was measured (Slimguide, Bodycare, Kenilworth, United Kingdom).
Graded hybrid exercise test (GHT)
To evaluate physical fitness, subjects performed a graded hybrid exercise test (GHT) on the hybrid FEScycle. This GHT consisted of an initial warming-up phase at 10 W for 3 minutes. Directly following this warming-up the actual test started with a 3-minute sub maximal stage at 20 W, followed by an increase in workload of 10 W every minute and 20 W after 16 minutes. Subjects were instructed to maintain pedal cadence at 50 rotations per minute (RPM) and were verbally encouraged. Subjects performed the test while using their arms (voluntary arm cranking) and legs (FES cycling) simultaneously. The electrical stimulation was increased manually during the test. Prior to the first test the subject's resting heart rate and peak heart rate were estimated based on age and for subjects with high thoracic lesions, the lesion level was taken into account. This range is divided into 3 equal parts, resulting in 4 increasing levels. A similar division was made for the stimulation intensity. The minimum level (minimal contraction, MC), was the lowest intensity at which the subject's muscle showed visible contraction, assessed by the investigator. Maximum intensity was 145 mA (100%). When heart rate increased to the first predetermined level, consequently, stimulation intensity was adjusted to the first level. There were four levels of stimulation intensity: MC, 33, 66, and 100%. Increase of the stimulation intensity accompanied the increase of a power level (i.e. at a full minute). The goal of this protocol is to exhaust the arm and leg muscles simultaneously. The endpoint of the test is determined as the moment when cadence fell below 35 RPM and when power output dropped below 70% of the imposed power.
During the GHT, peak oxygen consumption (VO2peak) and expired ventilation (VE) were sampled every 30 seconds using an automated gas analyzing system (Oxycon Delta, Jaeger, Hoechberg, Germany). Heart rate (HR) was recorded with an interval of 5 seconds using a Polar sport tester. Power output (PO) was measured using the computer software of the treadmill (Tacx, Wassenaar, The Netherlands). Values for VO2peak, VEpeak and POpeak were analyzed during the last full minute of cycling, as a mean of two 30-second blocks. When the subject completed a full resistance level (a whole 1-minute block) at the stopping moment, this level was taken as POpeak. However when the subject did not complete a block but stopped cycling within a block after at least 30 seconds, POpeak was calculated by averaging the resistance of this block and the resistance of the last completed block. When the subject stopped cycling before completing half of the block, the resistance level of the last completed block was taken as POpeak. Before and after the test, blood pressure was measured manually for safety reasons.
Power measurement of the legs
During the GHT the power of the legs is measured using force transducers (O-tec, Lorsch, Germany), which are installed on the pedals. These force transducers measure effective (perpendicular on the crank) and ineffective forces applied on the pedals for each leg. The resultant forces and the power output of the legs can be calculated. The power produced by the legs is defined by delta power (dP). The measured power during the first 'warm-up' stage of the GHT, when the legs are not yet actively contributing, is considered as reference value. The variable dP is the result of a subtraction of this reference value from the mean measured power at the various stimulation intensity levels (MC, 33, 66, and 100%).
Statistical analysis
To determine the effect of 4 weeks of hybrid training, pre and post testing was compared using paired two-tailed Students t-tests. To assess the effect in dP, a multi-variate analysis of variance (MANOVA) with repeated measures was used, to check for interactions. A two-tailed α of <0.05 was considered to be statistically significant. All data were presented as mean (standard deviation (SD)).
Results
Training results
All subjects completed the training period. In two subjects heart rate data were missing due to technical problems. Mean training frequency for all subjects was 2.33 (0.33) training sessions per week. Mean duration was 33.7 (2.9) minutes. Mean heart rate during the training was 120 (6.9) BPM (n = 8).
Measurement results
Leg volume
Mean upper leg volume of all subjects increased from 4.7 (0.6) to 5.1 (0.7) liters (p = 0.047) for the right and from 4.7 (0.6) to 5.1 (0.9) liters (p = 0.018) for the left upper leg. Mean lower leg volume for all subjects did not change. In Fig. 3 the results are presented for the right leg only. The results of the left leg were in accordance with those of the right leg. There was no change in skin-fold thickness at the quadriceps muscle. It was 15.1 (7.61) vs. 14.3 (6.24) mm, for pre and post training, respectively. 
Graded hybrid exercise test
After the training period, subjects increased their VO2peak (p = 0.015), and POpeak (p = 0.012). VO2peak increased 9.3% (from 25.7 (5.8) to 28.1 (7.5) ml/min/kg) (Fig. 4A) ; POpeak increased 11.7% (from 85.5 (22.5) to 95.5 (25.8) Watt) (Fig. 4C) . No significant change was found for VEpeak (Fig. 4B). 
Power measurements of the legs
Differences in power produced by the legs compared to passive cycling during GHT are presented in Fig. 5 . Multivariate testing showed no significant difference in dP between pre and post training taken over all stimulation levels (MC, 33%, 66%, and 100%) (F (1, 8) = 0.313; NS). When observing Fig. 5 , pre-training measurement shows an even course for 33%-100%, whereas post-training measurement shows an increase for the same period. A significant measurement by stimulation interaction was found (F (3, 6) = 11.698; p = 0.006), which supports this observation. Table 1 clarifies this interaction. Although stimulation intensity is increased, there is very little additional power produced during the pre-training measurement. In contrast, during the post-training measurement, every step of increased stimulation intensity leads to increased dP. Post-hoc comparisons failed to show significant contrasts between any of the levels. 
Discussion
The purpose of this study was to determine the effects of hybrid training on a newly developed hybrid FES-cycle on physical fitness in spinal cord-injured individuals. In this study several beneficial and clinically important effects on physical fitness were found. Although these results were not experimentally compared to other training methods, this study shows interesting results which may lead to more comparative studies and field implementation. 
Leg volume
The increase in upper leg volume as found in the present study can be explained by training on the hybrid FES-cycle. Subjects performed no other activities with their legs. Unchanged lower leg volume and unchanged skin-fold above the quadriceps give rise to the hypotheses that the increase in upper leg volume is caused by hypertrophy of the thigh muscles following electrical stimulated training. In literature no other studies were found which used the present method, hence comparisons are difficult to make. Sköld et al. reported an increase of about 10% in muscle tissue volume in the lower extremity measured by CT after six months of three times per week 30 minute FEScycling [28] . Since the duration of training was more than six times shorter in the present study, this may emphasize the early onset of training effects following hybrid FES-cycling.
Graded hybrid exercise test
The increased peak oxygen uptake (VO2peak) was probably due to the larger active muscle mass and therefore greater metabolic rates. VO2peak is an appropriate measure for physical fitness and is sensitive to changes [32] . In the literature no reference values were found for physical fitness following hybrid training with FES on a tricycle but some data are available from other training methods. Janssen et al. (2002) presented normative values for a large group of SCI individuals. Peak VO2 was measured during a graded wheelchair ergometer test and values were 22.8 (8.9) and 24.7 (9.7) ml/min/kg for Th1-Th5 and Th6-Th10, respectively [12] . Mean VO2peak for all subjects in the present study was 25.7 (5.8) ml/min/kg pre training, which indicates that the subjects had fitness levels corresponding to the population of Janssen et al., Mutton et al. reported pre hybrid training VO2peak of 1.69 (0.64) l/min and post hybrid training a VO2peak of 1.91 (0.49) l/min [18] . The corresponding values in the present study were 1.87 (0.52) and 2.04 (0.58) pre and post training, respectively, which was slightly higher. Although the training method in the study of Mutton et al. was different (i.e. they used separate devices for FES-LCE and arm crank exercise simultaneously) the results of the present study indicate similar training effects although the number of training sessions was smaller in the present study (i.e. 10 vs. 41 30-minute sessions for the present study and the study of Mutton et al., respectively) [18] .
Peak power output (POpeak) increased remarkably. Compared to Raymond et al., peak PO was high, even slightly higher at baseline. Peak PO in the study of Raymond was 79.5 (6.3) W for hybrid exercise in untrained subjects compared to 85.5 (22.5) W pre training in the present study [24] .
GHT protocol
In the present GHT protocol, stimulation intensity was increased based on the subject's heart rate. Limitation of this protocol is that heart rate decides the increase of stimulation intensity. If the heart rate of the subject only minimally increases and does not reach the calculated threshold value for the highest stimulation value during the test, the stimulation intensity can not reach maximal stimulation of the legs. During the post-training measurement, a decreased heart rate was observed in most subjects, directly after increasing the stimulation intensity. A possible explanation for this might be the enhanced active muscle mass which serves as a muscle pump, increasing the venous return to the heart. Consequently the protocol does not fit to the subject's exhaustion, and the highest stimulation intensity might not be reached due to the decreased (and more efficient) heart rate. However, when this phenomenon was observed, the stimulation intensity was set at the highest level to be sure that the leg muscles of all subjects received maximal stimulation at the end stage of each GHT.
Power measurements of the legs
A higher stimulation intensity did not lead to a higher power output by the legs (dP) during the pre-training measurement. This can be explained by the untrained state of the leg muscles. The muscles were already exhausted after 33% stimulation intensity (see Fig. 5 and Table 1 ) and therefore were not able to significantly contribute to the cycling exercise during the remaining part of the test. In contrast, during the post-training measurement, a higher stimulation intensity leads to a higher power. This can be explained by increased endurance of the leg muscles after training. The leg muscles are strong enough to maintain active contraction and thereby contributing to cycling.
There are no studies available with coupled arm and leg exercise systems. Other hybrid training studies used a FES-cycling system along with a separate arm crank ergometer [18, 25] . The present FES-cycle is perfectly suitable for hybrid training, but the measurement of the power of the legs (dP) on this system has its limitations. The power measurement device was installed on the pedals. Since the pedals are propelled by the legs as well as by the arms and because the arm muscles in spinal cord-injured individuals are more powerful than the (trained as well as untrained) leg muscles, our measured values of dP are probably strongly influenced by arm forces acting on the pedals. In future experiments it would therefore be of interest to additionally measure the forces acting on the hand pedals as well.
Conclusions
In summary, in this study it was possible to show improvement of physical fitness after a 4-week hybrid training on the hybrid FES-cycle. These results show that this training method is a valid addition to the usual rehabilitation for the spinal cord-injured population.
